ABSTRACT: Acrolein (Acr) is a ubiquitous environmental pollutant found in cigarette smoke and automobile exhaust. It can also be produced endogenously by oxidation of polyunsaturated fatty acids. The Acr-derived 1,N 2 -propanodeoxyguanosine (Acr-dG) adducts in DNA are mutagenic lesions that are potentially involved in human cancers. In this study, monoclonal antibodies were raised against Acr-dG adducts and characterized using ELISA. They showed strong reactivity and specificity toward Acr-dG, weaker reactivity toward crotonaldehyde-and trans-4-hydroxy-2-nonenal-derived 1,N 2 -propanodeoxyguanosines, and weak or no reactivity toward 1,N 6 -ethenodeoxyadenosine and 8-oxo-deoxyguanosine. Using these antibodies, we developed assays to detect Acr-dG in vivo: first, a simple and quick FACS-based assay for detecting these adducts directly in cells; second, a highly sensitive direct ELISA assay for measuring Acr-dG in cells and tissues using only 1 μg of DNA without DNA digestion and sample enrichment; and third, a competitive ELISA for better quantitative measurement of Acr-dG levels in DNA samples. The assays were validated using Acr-treated HT29 cell DNA samples or calf thymus DNA, and the results were confirmed by LC−MS/MS-MRM. An immunohistochemical assay was also developed to detect and visualize Acr-dG in HT29 cells as well as in human oral cells. These antibody-based methods provide useful tools for the studies of Acr-dG as a cancer biomarker and of the molecular mechanisms by which cells respond to Acr-dG as a ubiquitous DNA lesion.
■ INTRODUCTION
Acrolein (Acr), the simplest α,β-unsaturated aldehyde, or enal, is a major component of cigarette smoke. It can also be generated through the combustion of fossil fuel and high temperature cooking oil.
1,2 More importantly, Acr is formed endogenously via oxidation of polyunsaturated fatty acids (PUFAs). Acr is a major lipid peroxidation product that can arise from both ω-3 and ω-6 PUFAs, although ω-3 fatty acids represent a main source of endogenous Acr.
3−6 Perhaps the most ubiquitous and abundant enal, Acr is a highly reactive electophile toward DNA and proteins and readily forms adducts via Michael addition, thereby rendering the enal highly genotoxic and cytotoxic. 1, 4, 7, 8 Cyclic 1,N 2 -propanodeoxyguanosines (PdG) are the major products formed by enals in DNA. 7, 8 Earlier studies observed that Acr-derived PdG (Acr-dG) adducts, designated Acr-dG1/2 (α-OHPdG) and Acr-dG3 (γ-OHPdG), are formed as a pair of regioisomers via opposite ring closure of dG with Acr ( Figure 1 ). 8 Using a 32 P-postlabeling method, it was found that Acr-dG3 is the predominant isomeric lesion present in rodent and human tissue DNA. 9 These findings have now been confirmed by LC−MS/MS-MRM. 10, 11 Ever since the discovery of the cyclic Acr-dG in vivo, their mutagenicity, repair and potential roles in cancer have been extensively studied in cultured cells and animals.
7,12−19 Acr itself is mutagenic in Salmonella typhimurium tester strains TA 100 and 104, 20 and Acr-dG adducts were detected in DNA from these strains under the conditions that mutations occurred. 21 They were also detected in DNA isolated from Chinese hamster ovary cells incubated with Acr. 22 Site-specific mutagenesis studies have shown that Acr-dG adducts are promutagenic lesions that can lead to base substitution and frame-shift mutations. 13, 17 Results of these studies are, however, inconclusive. For example, the mutagenicity of the major adduct in vivo, Acr-dG 3 (γ-isomer), varies based on the nucleotide sequence context, single-vs double-stranded DNA, and the host system. The adduct was not found to be mutagenic in Escherichia coli, while it is mutagenic in mammalian cells when present in single-stranded DNA, not in double-stranded DNA. 13, 15, 17 Recent studies on repair of Acr-dG show that it is repaired by the nucleotide excision repair pathway. 23 The finding that the binding sites of Acr in the human p53 gene, particularly to guanines, coincide with p53 mutational hotspots supports the role of Acr and Acr-dG in human lung cancer caused by cigarette smoking. 24 A recent study showed that, upon reaching a threshold level, Acr-dG may serve as a trigger of apoptosis in human colon cancer HT29 cells as the formation of Acr-dG correlates with apoptosis induced by Acr and docosahexaenoic acid, an ω-3 PUFA. 25 Despite ample studies on Acr-dG, to date there has been no antibody raised specifically against these adducts. The development of antibodies against Acr-dG is of critical importance, not only that Acr-dG may serve as a cancer biomarker, but also because the antibodies can be used as tools to study the formation and repair of Acr-dG in cells and tissues as well as how it interacts with proteins involved in cell cycle and apoptosis signaling.
In this study, we report the characterization of the monoclonal antibodies raised specifically against Acr-dG. The specificity and reactivity of the antibodies were determined. These antibodies were used to detect adducts in intact cells using a flow cytometry-based FACS method and to measure the adduct levels in DNA isolated from cells using highly sensitive ELISA assays. The levels of Acr-dG in the cells measured by using the antibodies were then confirmed by LC− MS/MS-MRM. An immunohistochemical assay was also developed using the antibodies to detect and visualize Acr-dG in human colon cancer HT29 cells and human oral cells.
■ EXPERIMENTAL PROCEDURES
Chemicals. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Fair Lawn, NJ) unless otherwise stated. Acr-dG adducts were synthesized by a previously published method.
8 Calf thymus DNA (CTDNA) was modified with Acr as previously described. 26 Briefly, DNA was incubated with Acr at 37°C with shaking for 4 h. At the end of the reaction, excess Acr was removed by extraction with chloroform and the DNA was precipitated with cold ethanol and stored at −20°C. Other adduct standards were either synthesized 10 or purchased from Sigma-Aldrich. Synthesis of Immunogens. The guanosine adducts of Acr (AcrGuo) were synthesized under conditions similar to those of Acr-dG. 8 The structures were confirmed by their characteristic UV spectra. AcrGuo 3 and Acr-Guo 1 and 2 were collected separately using reversephase HPLC and were further confirmed by ring-opening and ringreduction reactions with NaBH 4 , respectively, as previously described for Acr-dG.
6,27
The Acr-Guo adducts were then individually coupled to bovine serum albumin (BSA) through the periodate oxidation method 28 with some modifications. The ribose moiety was opened by mixing 14 mg of Acr-G with 300 μL of ice cold 0.1 M NaIO 4 , and the pH was adjusted to 5.0 with 10% (v/v) acetic acid. The mixture was stirred on ice for 20 min and added to ice cold 2.5 mg/mL BSA in H 2 O. The pH was adjusted to 8.5 with 5% (w/v) NaHCO 3 , and the mixture was again stirred on ice for 20 min. 200 μL of freshly prepared 0.25% (w/ v) sodium cyanoborohydride, NaBH 3 (CN), was then added to the solution. The pH of the mixture was quickly adjusted to 6.5−7.0 with 10% (v/v) acetic acid and stirred for 40 min on ice. At the end of the reaction, Zeba desalting spin columns (Promega, Madison WI) were used to remove the salt and the collected Acr-G conjugated BSA fraction was then measured by spectrophotometry to determine concentration. The identities of the conjugated BSA were confirmed with SDS gel electrophoresis and mass spectrometry. 1 μL of Acr-Guoconjugated BSA samples was mixed with 1 μL of 10 mg/mL sinapinic acid in 30% (v/v) acrylonitrile containing 0.3% (v/v) trifluoroacidic acid in water and then spotted on a MALDI plate. Mass spectra were acquired in linear high mass mode using a 4800 MALDI-TOF-TOF Analyzer (Applied Biosystems, CA).
Immunization. Immunization was performed as previously described. 29 Briefly, BALB/C mice were immunized with 100 μg of either Acr-Guo 1/2-or Acr-Guo 3-cojugated BSA in 0.1 mL of saline emulsified with an equal amount of Freund's complete adjuvant, given in a split dose, ip and sc. A second immunization was given 2 weeks after the first one in incomplete Freund's adjuvant. Mice were boosted with 100 μg of the conjugate in saline given ip on days 1, 2, 3, and 4 in the fourth week after the second injection. On day 5, mice were sacrificed and spleens were removed for fusion. Test bleeds were taken to check the antibody reactivity toward immunogens using ELISA.
Cell Fusion and Screening of Hybridomas. Satisfactory immune responses were seen in all mice, four of which were used for cell fusion and hybridoma production. A total of 14 hybridoma cell lines derived from seven parental clones were produced. Splenocytes and myelomas were fused, plated into 96-well culture plates, and screened by ELISA to detect the positive clones. The selected clones were then subcloned by limiting dilution until they were monoclonal and stable hybridomas. Two subclones from each parental clone were expanded into culture flasks, and 4−6 vials of cells for each subclonal cell line were cryopreserved.
Characterization of Monoclonal Antibodies with ELISA. The ELISA plate wells (Immulon 4 HBX flat bottom 1 × 12 strips from Thermo, part number 6404) were coated with 100 μL of 1 μg/mL antigens of Acr-Guo 1/2-or Acr-Guo 3-cojugated BSA in PBS at 37°C
for 2 h and washed twice with PBS containing 0.1% (v/v) Tween 20 (PBST). The wells were then blocked with 100 μL of 1 μg/mL BSA in PBS at room temperature with moderate shaking for 1 h and washed twice with PBST. For ELISA, 100 μL of antibody solutions with different dilutions of antibodies or test bleeds in PBS containing 0.1% (w/v) BSA were added. For competitive ELISA, the tested competing reagents were first mixed with antibody solution and then added into the wells. The plates were incubated at 37°C for 1 h and washed twice with PBST. Horseradish peroxidase conjugated goat anti-mouse IgG secondary antibodies in 100 μL of PBS containing 0.1% (w/v) BSA were added, and the plates were incubated at room temperature with moderate shaking for 30 min. The wells were washed and developed with 100 μL of 3,3′,5,5′-tetramethylbenzidine for 30 min, and the reaction was stopped with 100 μL of 2 M H 2 SO 4 /1 M HCl. The absorbance was measured at 450 nm.
Slot-Blot Assay. Plasmid pSP189 DNA samples were modified with Acr (0.5, 1, 2, 5 mM) at 37°C for 24 h and purified with repeated phenol/ether extraction. After purification, modified DNA was precipitated with ethanol and dissolved in TE (pH 8.0). Malondialdehyde (MDA)-modified CTDNA samples were kindly provided by Dr. Lawrence J. Marnett at Vanderbilt University. DNA was modified with benzo(a)pyrene diol epoxide (BPDE, 2 μM) or H 2 O 2 (10 mM) the same as previously described. 24 Modified DNA samples (2 μg) were denatured at 95°C for 10 min and loaded onto nylon membrane using Bio-Dot SF microfiltration apparatus (Bio-Rad, Hercules, CA), and the membrane was air-dried for 30 min. After blocking in PBST with 5% (w/v) nonfat milk for 1 h at room temperature, the membrane was probed with anti-Acr-dG mouse monoclonal antibody overnight at 4°C. HRP-conjugated secondary antibodies (1:5000) (Santa Cruz Biotechnology, Santa Cruz, CA) were then added in PBST with 5% (w/v) nonfat milk for 2 h at room temperature. DNA adducts were detected using the ECL plus chemiluminescence kit (PerkinElmer, Boston, MA), and films (Fuji medical X-ray film, Dusserldorf, Germany) were scanned with a laser scanning densitometer (CanoScan 8800F). After antibody detection, the same membrane was stained with methylene blue (Molecular Research Center, Cincinnati, OH) to indicate the amount of DNA.
Cell Culture and Treatment. Human colonic carcinoma HT29 cells were routinely cultured at 37°C with 5% (v/v) CO 2 in Dulbecco's modified Eagle's medium (DMEM) with 10% (v/v) fetal bovine serum (FBS), 50 IU/mL penicillin, and 50 μg/mL streptomycin (all from Mediatech Inc., Herndon, VA). For immunohistochemical studies, cells were grown on cover glasses placed into the wells of a 12-well plate and treated with 0, 100, and 200 μM Acr for 20 h. For FACS and ELISA assays, cells in regular dishes were treated with 0, 50, 100, 150, and 200 μM Acr dissolved in 50 μL of PBS.
Measuring Acr-dG in HT29 Cells with FACS Analysis. HT29 cells treated with Acr were harvested with trypsin and washed with PBS, followed by fixation in 70% (v/v) ethanol for at least 1 h. Cells were then permeabilized with PBS containing 0.5% (v/v) Triton X-100 and 2 M HCl for 5 min. From this point on, cells were washed twice with 0.5% (v/v) Triton X-100 in PBS after each incubation step. Cells were incubated in 10% (v/v) FBS, 5% (w/v) BSA, and 0.5% (v/ v) Triton X-100 in PBS for 1 h to block nonspecific bindings, and incubated with anti Acr-dG monoclonal antibody for 1 h. After incubation with the Alexa 488 labeled goat anti-mouse IgG secondary antibody for 1 h, cells were washed and finally suspended in PBS for FACS flow cytometry analysis. The FACS assay was done on a Becton Dickinson FACSort system, and the data was analyzed with FCS Express Version 4. All incubations were carried out at room temperature.
Measuring Acr-dG in HT29 Cells with Direct or Competitive ELISA Assays. For direct ELISA, DNA was extracted from HT29 cells treated with different concentrations of Acr as previously described 25 and dissolved in PBS at 1 μg/μL. The samples were further diluted with PBS containing 0.05 mM GSH to 0.02 μg/μL for a direct ELISA assay. 30 Briefly, 50 μL of DNA (1 μg) solution heat-denatured at 100°C for 10 min was chilled on ice for at least 15 min and then added to the ELISA plates (FluoroNunc/LumiNunc black Maxisorp 96-well plates, Thermo Scientific) precoated with 0.003% (w/v) protamine sulfate. The DNA was coated overnight at 37°C and blocked with 200 μL of 2% (v/v) FBS in PBS at 37°C for 1 h, followed by sequential incubation with anti-Acr-dG antibodies and the horseradish peroxidase conjugated goat anti-mouse IgG secondary antibodies at 37°C for 1 h. To improve the sensitivity, a highly sensitive chemiluminescent HRP substrate (SuperSignal ELISA Femto Maximum Sensitivity Substrate, Thermo Scientific) for ELISA was used. The controls included a blank control and background controls with the same DNA sample subjected to all steps excluding the addition of anti-Acr-dG antibodies. For competitive ELISA, 1 μg of DNA was coated overnight and blocked in the same way as in direct ELISA. After adding the anti-Acr-dG antibodies, either a different amount of Acr-dG standards or DNA samples to be detected were also added to compete with Acr-dG adduct in coated DNA samples. The data from the standards were used to construct a standard curve, and the signals from the unknown DNA samples were compared with the standard curve to calculate the amount of Acr-dG.
Detection and Quantification of Acr-dG in Cell DNA by LC− MS/MS-MRM. To confirm the adduct levels, the same HT29 cell DNA samples used for ELISA assay were then subjected to an LC− MS/MS-MRM assay 11 with some modifications. Briefly, approximately 50 μg of DNA dissolved in PBS and mixed with [ 13 C 10 , 15 N 5 ]-Acr-dG as internal standards was hydrolyzed enzymatically with DNase I, alkaline phosphatase, and phosphodiesterase I. The hydrolysate was then purified by solid phase extraction (SPE). The fraction containing Acr-dG adducts was collected, dried, and injected on an LC−MS/MS-MRM column. Detection and quantification of Acr-dG adducts was carried out with an ACQUITY UPLC liquid chromatography system (Waters Corporation, Milford, MA) equipped with 50 × 2.1 mm, 1.7 μm particle size C18 column (Waters Acquity UPLC BEH C18) and coupled Applied Biosystems/MDS SCIEX 4000 Q TRAP (Life Technologies Corporation, Carlsbad, CA) triple quadrupole mass spectrometer. The separation of Acr-dG adducts was performed by isocratical elution with 3% acetonitrile (v/v) in 1 mM ammonium formate buffer over 3.5 min at 0.5 mL/min at 40°C, followed by 100% (v/v) acetonitrile wash. The ESI source operated in positive mode. The MRM experiment was performed using ion transitions of 324.2 → 208.1 m/z (Acr-dG) and 339.2 → 218.1 m/z ([ 13 C 10 , 15 N 5 ]-Acr-dG)
for quantitation, and those of 324.2 → 190.1 m/z (Acr-dG) and 339.2 → 200.1 m/z ([ 13 C 10 , 15 N 5 ]-Acr-dG) for structural confirmation. All other parameters were optimized to achieve maximum signal intensity. Calibration curves were constructed for all three Acr-dG regioisomers before each analysis using standard solutions of Acr-dG and [ 13 C 10 , 15 N 5 ]-Acr-dG. A constant concentration of [ 13 C 10 , 15 N 5 ]-AcrdG (1 fmol/μL) was used with different concentrations of Acr-dG (1.68 amol/μL to 220 fmol/μL) and analyzed using 37 μL injections by LC−MS/MS-MRM.
Immunohistochemical Assay. Acr treated and control HT29 cells on cover glass in the 12-well plate were washed with PBS and fixed for 20 min with 2% (v/v) paraformaldehyde in PBS prewarmed to room temperature, followed by permeabilization with 0.5% Triton X-100/2 M HCl in PBS for 5 min. From this point onward, cells were washed twice with 0.5% (v/v) Triton X-100 in PBS after each incubation step. After blocking in 10% (v/v) FBS, 5% (w/v) BSA, and 0.5% (v/v) Triton X-100 in PBS at room temperature for 1 h, cells were incubated with anti Acr-dG antibody at room temperature for 1 h, followed by incubation of Alexa 488 labeled goat anti-mouse IgG secondary antibody with 80 ng/mL DAPI at room temperature for 1 h. Lastly, the glass covers were washed with distilled water, dried, and mounted to slides with Fluoro-Gel (Electron Microscope Sciences, Hatfield, PA), and stored at 4°C until microscopic observation.
Oral keratinocytes were harvested from the oral cavity from smokers and nonsmokers by cytobrushing. Cells from identical sites in the right and left buccal mucosa were brushed at least 10 times, and the left lateral borders of the tongue were brushed. Cells were washed and fixed with 1% (v/v) paraformaldehyde for 24 h. Immunofluorescent detection of Acr-dG in paraffin embedded (FFPE) oral cells was performed using a similar method for other adducts described in a previous study 31 with some modifications. Tissue sections were deparaffinized and incubated with 1% H 2 O 2 for 20 min at room temperature. Sections were subjected to heat-induced antigen retrieval using sodium citrate and blocked with 10% (v/v) normal goat serum in PBS, incubated overnight at 4°C in a humidified chamber with antiAcr antibody (1:4000). Sections were washed in PBS-Brij and incubated with biotinylated anti-mouse secondary antibody (1:100; Vector Laboratories) for 45 min at room temperature. Samples were washed again and incubated with streptavidin Cy-3 tertiary antibody (1:100; Invitrogen) for 45 min at room temperature in the dark. Following a final wash, coverslips were applied to the sections using Prolong Gold Antifade Reagent with DAPI (Molecular Probes) and allowed to cure for 24 h at room temperature in the dark. All cells were visualized using an Olympus Fluoview-FV300 laser scanning confocal microscope.
■ RESULTS AND DISCUSSION
Developing Monoclonal Antibodies against Acr-dG. To synthesize the immunogens, the periodate oxidation reaction was performed to couple the Acr-Guo with BSA. Because the propano ring is liable to ring opening under basic conditions to yield an aldehyde, sodium borohydride cannot be used as reducing agent for generating the conjugated immunogens as described in the earlier method. 28 After different concentrations of milder reducing reagents were used, 0.25% of sodium cyanoborohydride, NaBH 3 (CN), was chosen for this reaction. The SDS gel showed that the conjugated products have higher molecular weights than BSA, and mass spectrometry further confirmed that the difference in molecular weight represents the modification level of 3.8 and 6.7 adducts per BSA for Acr-Guo1/2 and Acr-Guo3, respectively. Considering the fact that Acr-dG3 is the predominant isomer detected in vivo and that Acr-dG isomers may possess different mutagenic potencies, 13 ,16−18,32 we raised antibodies against each of the two Acr-dG regioisomers in hopes that they would display a certain degree of specificity toward each isomer. 
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The supernatants of selected fused cells were screened by ELISA for their reactivity toward the conjugates. Eight positive clones, four from each immunogen, were chosen, subcloned, and again tested for their antibody activity and specificity. Lyophilized supernatants from the selected cell lines were used as monoclonal antibodies (mAbs) without further purification. They were incubated with different concentrations of AcrGuo1/2-BSA or Acr-Guo3-BSA. Figure 2 shows the reactivity of mAbs toward the antigens measured by ELISA. All four anti Acr-dG3 mAbs (A3-mAbs 1, 2, 3, and 4) displayed binding activities; however, only three of the four anti Acr-dG1/2 mAbs (A1/2-mAbs 1, 2, and 3) showed activity.
Determining Reactivity and Specificity of Antibodies. To examine the specificity of the mAbs, we first carried out competitive ELISA to determine their reactivity toward immunogens in the presence of dC, dG, T, and dA. Among the mAbs for Acr-dG3, A3-mAb4 and A3-mAb1 yielded the best results; both showed little or no reactivity toward the normal nucleosides including dG ( Figure 3A shows the results of A3-mAb4; similar results were obtained for A3-mAb1). Other A3-mAbs and all A1/2-mAbs showed no reactivity for dA, T, or dC, but some reactivity toward dG at the highest concentration ( Figure 3B shows the results of A3-mAb3, and similar results were obtained for A3-mAb2 and A1/2-mAbs 1, 2, 3, and 4). The cross-reactivity toward dG by the mAbs is probably due to the relatively small structural differences between dG and Acr-dG. Based on these results, A3-mAb4 and A3-mAb1 were chosen for FACS, ELISA, and immunohistochemical assays.
To further examine the specificity, we used a competitive ELISA to determine the reactivity of A3-mAb4 and A3-mAb1 toward Acr-dG1/2 and Acr-dG3 as well as other structurally related in vivo DNA adducts. As expected, both A3-mAbs bound strongly to Acr-dG1/2 and Acr-dG3. Figure 3C shows the results of A3-mAb4; similar results were obtained with A3-mAb1. However, they displayed no preferential binding to the regioisomers of Acr-dG as Acr-dG1/2 and Acr-dG3 both competitively bound in a similar manner to A3-mAbs 1 or 4 when Acr-Guo3-BSA was used as the coating antigen. Similar results were observed using Acr-Guo1/2-BSA as the coating antigen. Therefore, it can be concluded that the mAbs raised against Acr-Guo1/2 and Acr-Guo3 do not differentiate between Acr-dG1/2 and Acr-dG3 as we had hoped.
The antibodies also recognized crotonaldehyde-derived PdG (Cro-dG) and 4-hydroxy-2-nonenal-derived PdG (HNE-dG). However, the binding appeared to decrease as the carbon chain length increased in the order of Acr-dG ≥ Cro-dG > HNE-dG. In sharp contrast to the 1,N 2 -propanodG adducts, A3-mAbs showed no reactivity toward 8-hydroxydeoxyguanosine (8-oxodG) and showed minimal binding, only at the highest concentration, to 1,N 6 -ethenodeoxyadenosine (edA). The results clearly demonstrate that the antibodies strongly recognize the PdG ring moiety as an epitope with considerably less affinity toward the etheno ring. Since the cyclic propano ring of Acr-dG3 can be opened under certain conditions, we determined if A3-mAb1 and A3-mAb4 recognize the ringopened form by coating the ELISA plate with Acr-modified CTDNA and determined the competitive binding of Acr-dG3 or ring-opened Acr-dG3 to the antibodies using a competitive ELISA assay. Figure 3D shows that, as expected, AdG3-mAb4 strongly binds to Acr-dG3 with no binding activity toward its ring-opened form.
The antibody specificities were further evaluated against other commonly studied in vivo DNA adducts with slot-blot experiments. As shown in Figure 3E , plasmid DNA was modified with different amount of Acr, or BPDE, H 2 O 2 , and MDA. The antibodies showed only reactivity toward Acr modified DNA, but no binding activity toward the other modified DNA adducts. An earlier study reported a monoclonal antibody for Cro-dG, and it was used in an HPLC-based fluorescence immunoassay to detect Cro-dG as well as Acr-dG in the enzyme-digested DNA. 21, 22, 29 However, this antibody has never been used in immunohistochemical assays to detect these adducts in tissues or intact cells. Despite the antibodies showing a similar affinity for Cro-dG and a minimal reactivity toward HNE-dG, the low abundance of in vivo Cro-and HNEdG, at least 10 to 100 times lower than Acr-dG, 5,10 is unlikely to significantly compromise their usefulness in detecting Acr-dG in cells and tissues. A monoclonal antibody against the Acrmodified DNA was previously described and used to detect the Acr-derived dA adducts. Interestingly, this antibody did not display any reactivity toward Acr-dG. 33 Detection of Acr-dG in HT29 Cells by a FACS Assay Using A3-mAb4. Using a highly sensitive HPLC-based 32 Ppostlabeling method, we previously demonstrated that the levels of Acr-dG were increased in the DNA of HT29 cells treated with Acr. 25 Here, we used the antibodies to detect AcrdG in HT29 cells incubated with Acr using a FACS assay. Cells were fixed with ethanol, permeabilized, labeled with A3-mAb4, and incubated with an Alexa-488 labeled secondary antibody. As shown in Figure 4A , the fluorescence intensity increased in a concentration-dependent manner in HT29 cells treated with Acr from 0 to 200 μM, indicating increased levels of Acr-dG. Because these antibodies also recognize Acr-Guo (Figure 3C) , the increased fluorescence signal may also reflect the Acr adduct levels in RNA. The background fluorescence in untreated cells may arise from the following sources: the actual background levels of Acr-dG in cells, autofluorescence, and nonspecific binding. The FACS assay offers a simple and rapid way to detect and quantify Acr-derived adducts in intact cells.
Quantification of Acr-dG in HT29 cells by an ELISA Assay Using A3-mAb4. In these experiments, a sensitive ELISA assay was developed using the antibodies to directly measure Acr-dG in DNA. The DNA samples extracted from tissue or cells were heat-denatured and coated on ELISA plates. The plates were then incubated with A3-mAb4 and HRP conjugated secondary antibodies. An ultrasensitive chemiluminescent HRP substrate was added to enhance the sensitivity. Figure 4B shows that the chemiluminescence increased gradually in DNA obtained from HT29 cells treated with Acr from 0 to 150 μM, and that a steep increase was observed in cells treated with 200 μM Acr. To confirm these results the same DNA samples were analyzed by LC−MS/MS-MRM after enzymatic digestion to nucleosides ( Figure 4C ). Both assays showed an incremental increase of Acr-dG levels at lower concentrations of Acr (0 to 150 μM), reflecting the persistent low background levels due to efficient repair, followed by a sharp increase at 200 μM Acr, possibly due to a combined effect of increased formation and impaired repair activity. 24 It is useful to compare the pros and cons of these antibodybased detection methods. While the increase of Acr-dG in cells treated with Acr is seen using all three methods, the magnitude of this increase was noticeably different among methods. For example, a 4-fold increase of Acr-dG levels was observed between cells treated with 150 μM Acr and cells treated with 200 μM Acr when using the LC−MS/MS-MRM method. In contrast, the ELISA detected only a 2-fold increase in the same samples. The LC−MS/MS-MRM method with the isotopelabeled internal standards detects Acr-dG adducts in DNA at the nucleoside level in a highly specific and quantitative manner with minimal background interference, whereas the ELISA assay relies on mAb binding to the lesions in denatured DNA. Because the binding can occur with other structurally related adducts, the specificity of ELISA is likely to be somewhat compromised. It is also possible that not all Acr-dG in DNA can be accessible to mAbs due to factors such as sequence and structural folding. The background autochemiluminescence in ELISA may also affect sensitivity. Despite the limitations, the ELISA method has a few obvious advantages. First, only 1 μg of DNA is needed, whereas the 32 P-postlabeling and LC−MS/ MS-MRM methods normally require at least 10−100 μg of DNA. Second, unlike the other DNA adduct detection methods, no DNA digestion or sample enrichment procedure is involved, thereby minimizing the variations inherited via lengthy procedures, making this assay more reproducible and efficient. Among these methods, the FACS assay is perhaps the most convenient, but it is the least quantitative. In this method, mAbs are required to be transported into the nuclei of cells and bind to the Acr-dG lesions in the chromatin. Furthermore, they may also recognize Acr adducts in RNA.
The direct ELISA will be useful to detect Acr-dG with relatively small amounts of DNA and is suitable for comparing were further studied in a competitive ELISA assay coated with Acr-Guo3-conjugated BSA for their reactivity toward Acr-dG1/2, Acr-dG3, AcrGuo1/2, Acr-Guo3, Cro-dG, HNE-dG, 8-oxo-dG, edA. No stereospecificity was observed; A3-mAb4 bound equally well to Acr-dG3 and Acr-dG1/2 as to Acr-Guo1/2 and Acr-Guo3. A3-mAb4 displayed significant cross-reactivity toward Cro-dG, but less for HNE-dG. It did not at all recognize 8-oxo-dG and showed minimal reactivity toward edA only at the highest concentration. (D) Acr modified CTDNA was coated on plates, and Acr-dG3 and the ring-opened form of AcrdG3 (Acr-dG3 RO) were added in competitive ELISA. A3-mAb4 showed binding to Acr-dG3 and no reactivity toward the ring-opened form of Acr-dG3. The coated antigens were different in (C) and (D), so the competitive binding curves for Acr-dG3 were different. Data were obtained from duplicate experiments. (E) Slot-blot assay further demonstrated the specificity of these antibodies toward Acr modified plasmid DNA with no reactivity toward BPDE, H 2 O 2 , and MDA modified DNA. The left panel of the blot image shows the binding of antibodies to the modified DNA samples and binding only occurred with Acr-modified DNA in a dose-dependent manner, the middle panel shows the DNA loading markers, and the right panel is the information for the corresponding modified DNA samples. The ELISA plates were coated with different levels of modified CTDNA, and different amounts of Acr-dG standards were added together with the anti-Acr-dG antibodies. The approximate detection ranges that can be used to quantify the Acr-dG adducts are as follows: 100 pmol to more than 1000 pmol for the 20% Acr-CTDNA coated plates, 10 pmol to 1000 pmol for the 2% Acr-CTDNA coated plates, and <100 fmol to 100 pmol for the unmodified CTDNA coated plates. DNA samples with significant differences in adduct levels. However, it could present challenges to measure small changes in DNA samples. A competitive ELISA based on a previously published method 34 was also tested aiming to improve the quantification of the assay. The ELISA plates were coated with 1 μg of different percentages of Acr modified CTDNA, and then different amounts of Acr-dG standards were added together with the anti-Acr-dG antibodies. By measuring the signal decrease, standard curves can be constructed as shown in Figure 4D . The results showed that the linear response ranges of the assay are dependent on the total amount of Acr-dG in the coating DNA samples: For the 20% and 2% Acr-modified and unmodified CTDNA coated plates, the assay may be used to detect DNA samples containing Acr-dG from ∼100 pmol to more than 1000 pmol, ∼10 pmol to 1000 pmol, and less than 100 fmol to 100 pmol, respectively. Because a standard curve can be easily obtained and up to 100 μg of DNA can be used as compared to 1 μg in the direct ELISA, the competitive ELISA is expected to have considerably better quantitative consistency and accuracy.
Immunohistochemical Detection of Acr-dG in HT29 and Human Oral Cells. In these experiments we used the new mAbs to develop immunohistochemical staining-based assays to detect and visualize Acr-dG in intact cells. Protease K was used to increase the accessibility of mAb by removing histone and non-histone proteins, 0.5% (v/v) of Triton X-100 was used in each step after permeation, and 2 M HCl treatment was included to denature DNA. Figure 5 shows weak green fluorescence of A3-mAb4 staining in control HT29 cells, and the fluorescent intensity increased significantly upon treatment with 200 μM Acr. A3-mAb4 staining was observed primarily in nuclei and superimposed with DAPI staining. It is important to point out that not all cells stained positively for A3-mAb4, indicating the heterogeneity of Acr-dG formation within the cell population. We also applied the mAbs to the formalin fixed paraffin embedded oral cells and detected different Acr-dG levels between smokers and nonsmokers. 35 Figure 5 shows a typical staining of an oral cell sample.
In this study, monoclonal antibodies with relatively high reactivity and specificity for Acr-dG were raised. The antibodies were used to develop flow cytometry-based FACS, ELISA, and immunohistochemical staining assays. Whereas these antibodies could not distinguish isomeric Acr-dG, the assays developed clearly demonstrate the antibodies' usefulness in detecting and visualizing Acr-dG in human cells. The sensitive direct ELISA assay enables an efficient detection of Acr-dG in only 1 μg of DNA, and a more quantitative competitive ELISA can be potentially developed for a faster and more accurate Acr-dG assay kit. In addition to measuring Acr-dG as a biomarker of environmental and endogenous exposure to Acr, these antibodies will be invaluable tools in the molecular mechanism studies of cellular responses to this ubiquitous DNA lesion. 
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